Introduction
In the past two decades, numerous advancements and improvements in magnetic resonance imaging (MRI) have increased its ability to assess the skull base. These include the U. S. Food and Drug administration (FDA) approval of 3-T MRI scanners for clinical imaging and the development of unique coils and pulse sequences. These improvements increased MRI's clinical utility for skull base evaluation, and they allow better delineation, characterization, and treatment of skull base lesions. Although many textbooks cover the entirety of this subject, this brief article's focus is to simply introduce and familiarize readers with the multiple recent advances in MRI techniques and radiographic features and the tremendous potential that these techniques hold in improving the conspicuity, characterization, and correlative clinical assessment of the myriad skull base pathologies.
To best understand the advances in MRI radiographic techniques of the skull base, a brief background of MRI physics is helpful, as it provides a framework to the newer MRI advances allowing improved interrogation of the skull base pathologies. After a presentation on the background and development of MRI, radiographic examples utilizing skull base MRI are presented. The first set of radiographic features and advances in MRI to be illustrated include improvements allowing greater conspicuity of normal and pathologic minute skull base structures, such as cranial nerves, vessels, foramina, or cerebrospinal fluid (CSF) leaks. Second, images demonstrating MRI advances that improve characterization of skull base pathology are presented, including improved delineation of pituitary microadenomas, perineural tumoral spread, and diffusion-weighted imaging (DWI) to distinguish tumor from abscess or scar tissue from recurrent tumors or characterization of one tumor type versus another. Finally, radiographic advances in MRI that enable correlative analysis of skull base pathology with physiology and treatment including intraoperative MRI and MRI CSF flow dynamic studies are presented, which allow clinicians to assess pre-and postoperative Chiari malformations.
The history of magnetic resonance starts in 1882, with Nikola Tesla, a Serbian immigrant who came to America and discovered the rotating magnetic field, a fundamental concept in physics utilized in alternate current induction motors and for the transmission, generation, and distribution of electric power. In honor of his work, the world unit of magnetic flux density is now referred to as "Tesla," where 1 T is equal to 10,000 G. All magnetic field strengths are referred to as "Tesla units," designated in 1956 by the International Electrotechnical Commission-Committee of Action, and since then, the field strength of MRI scanners are designated by their Tesla field strength.
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Discoveries in magnetism are also attributed to Sir Joseph Larmor (1857 to 1942), an Irish physicist who determined that the frequency of an atom's spin or its spinning nuclear magnetic moment (w) is directly proportional to the product of the external magnet field strength (Bo) and the gyromagnetic ratio (y), which is a constant for each atom, or in equation form: w ¼ yBo. This equation is valuable because it states that the frequency in which an atom's nucleus absorbs energy and alters its alignment with the external magnetic field is specific for each nucleus, with the gyromagnetic ratio being a constant. In 1980, General Electric's Paul Bottomley built the first 1.5-T MRI scanner; and by 2014, there were currently more than 20,000 MRI scanners in use. In 1998, the FDA gave marketing clearance for scanners up to field strengths of 4.0 T, and in 2002 the FDA approved 3-T MRI scanners for the skull base, brain, and whole body. Because of the increased external magnetic field strength (Bo), the newer 3-T MRI machines and development of improved pulse sequences and coils offer improved signal-to-noise ratios (SNRs), resulting in improved imaging of the skull base. Essentially, MRI creates an external strong magnet field, and the protons in the body composed of hydrogen atoms behave like small magnets, aligning themselves with the field. A radio wave then stimulates the protons, changing their orientation. After the radio wave pulse is stopped, the protons realign themselves and transmit a signal. The signals are collected by a receiver coil and generate a map of signals, based on the radiofrequency of the signal emitted by the tissue. Utilization of these techniques with advancements in technology including optimization of the coil placement around the patient to generate and re-receive the radiofrequency waves, as well as advances in applications of pulse sequences, have improved MRI analysis of the skull base. Therefore, the key advancements in the past few decades in MRI skull base imaging have resulted from an increased 3-T Advances in MRI of the Skull Base Kirsch S129 This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
field strength for improved SNRs, and the improvements continue the development of new pulse sequences and radiofrequency coils. When obtaining an MRI, the radiofrequency coils are placed over the body part to be imaged and serve to both emit and receive the radio wave pulse sequences. MRI coils are classified into two areas, either volume coils that provide a similar transmission and reception over an anatomic region or surface coils that function best over small areas of interest.
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Discussion
The 3.0-T MRI and newer coil design in skull base imaging have improved resolution and conspicuity of the small nerves and foramina in the complex skull base region.
11 Increased visualization of small cranial nerves and foramina can be obtained with a head coil placed over the patient and with volume-phased array coils. These coils have the advantage of evaluating the entire skull base with good SNR. In addition, developments in pulse sequence, which allow for submillimeter scanning with slice thicknesses of 0.9 mm with heavily T2-weighted sequences, postcontrast sequences, and postcontrast sequences with fat saturation, have improved the conspicuity of the small vessels and nerves of the skull base (►Fig. 1A to H). The combination of the improved resolution at 3 T and submillimeter slice thickness allows for increased visualization of vascular contact near the root entry zones of the skull base cranial nerves that may result in trigeminal neuralgia, left hemifacial spasm, or tongue and swallowing difficulties, as demonstrated in ►Fig. 2.
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In addition, improvement in heavily weighted T2 sequences allows for increased delineation of CSF, which appears bright on these T2 sequences, and allows for identification of small skull base defects and sites of CSF leakage, as well as distinguishing brain parenchyma from trapped secretions without exposing the patient to ionizing radiation as shown in ►Fig. 3.
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The improved resolution of small structures also allows better characterization of the structures within the skull base. The utilization of higher field strengths in 3-T MRI with attention to the central skull base and pituitary with thinsection dynamic contrast injections and thin-section imaging of the pituitary have led to improved delineation of microadenomas of the pituitary gland, 15, 16 as seen in ►Fig. 4A to D.
In addition, recent and continuing advances have improved the assessment of Meniere disease or endolymphatic hydrops. Meniere disease is idiopathic, and patients present with a fluctuating sensorineural hearing loss, tinnitus, aural fullness, and vertigo. Utilizing higher field strengths in 3-T MRI and either intratympanic or intravenous injection of gadolinium, the diagnosis of an enlarged endolymphatic space within the inner ear with a decreased size of the perilymph can now be made. [17] [18] [19] In ►Fig. 5, a patient with
Meniere disease underwent intratympanic injection of gadolinium with subsequent scanning performed on a 3-T MRI 24 hours later. The gadolinium contrast diffuses into the perilymphatic space, but in endolymphatic hydrops, the enlarged endolymph effaces the enhancing perilymphatic space. Advances in MRI gadolinium and fat-saturation techniques also have improved the important role of preoperative treatment mapping for either surgery or radiation therapy in patients with skull base tumors with perineural spread.
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In certain regions of likely increased perineural tumoral involvement, especially in the periparotid, preauricular, and temporal regions, it is critical to define the margins for either surgical planning or radiation therapy. A tumor can track along the smaller intraparotid facial nerve branches to the auriculotemporal nerve, creating a pathway for the tumor to extend to the mandibular branches of the trigeminal nerve and increasing the chance of tumor spread into the temporal bone via the stylomastoid foramen or intracranially via the foramen ovale. Improved utilization of high field strength techniques with 3-T MRI and careful attention to these regions can now delineate perineural involvement along small facial nerve branches within the parotid gland, which may not be appreciated at 1.5-T MRI, as shown in ►Fig. 6.
The development of MRI pulse sequence techniques such as DWI and MRI spectroscopy allows clinicians to characterize the contents of a skull base lesion, narrow the differential diagnosis, and determine the clinical diagnosis and treatment considerations. Importantly, in distinguishing a rim-enhancing lesion, DWI has proven to be very sensitive and specific, in that abscesses due to the decreased mobility of water protons in pyogenic material demonstrate a reduced apparent diffusion coefficient (ADC) on the ADC map images and hyperintense signal on DWI sequences. These distinctions may be extremely important in distinguishing a skull base osteomyelitis that may occur in patients with diabetes or immunocompromised or older patients versus neoplastic skull base invasion. 22, 23 In ►Fig. 7, the left temporal lobe abscess demonstrates decreased signal on the ADC map and bright signal on the DWI. Additional researchers have combined both DWI with spectroscopy, noting that in addition to the restricted diffusion occurring in pyogenic abscesses, analysis of the nuclear magnetic resonance spectra of patients with abscess demonstrates additional resonance peaks of multiple amino acids, including valine, leucine, and isoleucine; acetate, alanine, and lactate; and occasionally succinate.
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Recent research on the skull base and adjacent vertebra has improved the delineation of the infectious change within the disk compared with regions of degenerative change, although degenerative change and diskitis may both exhibit increased T2 signal on heavily T2-weighted soft tissue inversion sequences and contrast enhancement. However, on DWI of the vertebra, if only the margins of the normal and vascularized bone marrow demonstrate increased signal, the findings resemble the appearance of a crab's claw and likely represent degenerative change, as opposed to an underlying diskitis.
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Diffusion-weighted techniques are also useful in assessing patients who have undergone surgery for a temporal bone cholesteatoma, in distinguishing a recurrent cholesteatoma from postoperative granulation changes, and in helping Fig. 5 A 44-year-old man with Meniere disease, or endolymphatic hydrops. Gadolinium was injected intratympanically; after 24 hours, the gadolinium contrast extends throughout the perilymphatic space. If the endolymphatic space is enlarged, as seen on this 3-T thin-section axial T1-weighted magnetic resonance image, the enlarged endolymphatic space appears gray and effaces the contrast-enhancing perilymph. patients avoid an unnecessary second-look surgery.
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These findings are illustrated nicely in ►Fig. 8A to D, with the bright signal on the echo-planar study revealing the foci of the recurrent cholesteatoma.
In addition, recent studies have shown that skull base tumors such as chordoma and chondrosarcomas demonstrate differences in diffusion weighted imaging that help distinguish the two entities. Chordomas tend to contain vacuolated physaliferous cells arranged in a myxoid stroma, and chondrosarcomas tend to contain atypical chondrocytes with hyperchromatic enlarged nuclei in a cartilaginous matrix. These cell types contain different water content, and chondrosarcomas are associated with the highest mean ADC value ranging from 2,051 AE 261 Â 10 À 6 mm 2 /s compared with classic chordomas that have lower ADC value of 1,474 AE 117 Â 10 À 6 mm 2 /s; thus the imaging may provide important prospective clues to pathology prior to surgical treatment. Finally, MRI is playing an increasing role in evaluating treatment and physiology of skull base pathology including new techniques that measure MRI CSF flow dynamics in preand postoperative Chiari malformations and improved intraoperative MRI capabilities. The complex anatomy of the skull base centered on the sphenoid bone leads this area to have multiple pathologies; although CT and the first generations of MRI scanners and coils at 1.5 T provided information regarding skull base bony anatomy and pathology, new advances in MRI in field strength, coil design, and pulse sequences are continually improving these capabilities. 31 MRI techniques now provide correlative clinical information regarding pathology and can help guide and assess treatment response. Advanced techniques include phase contrast MRI measurements that allow for imaging of arterial, venous, and CSF flow.
In adult humans, the total CSF volume is 90 to 150 mL and is formed at $0.3 to 0.4 mL/min À1 or roughly 500 mL/d À1 . CSF circulates with a bulk circulatory flow and pulsatile back-andforth flow. 32 In phase contrast MRI, the signal is generated between flowing and stationary nuclei by sensitizing the phase of the transverse magnetization to the velocity of motion. 33 Data sets are acquired with opposite sensitization, creating an opposite phase for moving nuclei; the phase will vary from the location of the nuclei. If they move, after subtraction of the data sets the signal is calculated from the moving signal; however, stationary nuclei will have a net phase of 0 and elimination of their signal. Prior to these studies, the predicted maximum CSF flow velocity is placed in the pulse sequence protocol, called a velocity encoding gradient. 34 The CSF flow coordinates with the cardiac cycle and provides valuable preoperative information prior to shunt placement in hydrocephalus, Chiari I malformations, aqueductal stenosis, and outcomes from ventriculostomies.
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Newer techniques allow for simultaneous measurements of arterial, venous, and CSF flow in a single MRI acquisition. 36 In the skull base, this information is helpful in understanding Chiari I malformations and the postoperative response to surgery, with previous reports describing CSF flow obstruction occurring from the inferior tonsillar ectopia that may result in a pressure gradient, which may be a useful prognostic tool for patients who need to undergo surgery. 37 There are continued ongoing improvements in study of MRI CSF flow dynamics with newer techniques including time-spatial labeling inversion pulse that can now tag a CSF region of interest and help assess both bulk and turbulent flow, whose clinical utility is yet to be discovered. 38 ►Fig. 9 illustrates the pre-and postoperative findings in a 31-year-old woman after suboccipital decompression for a Chiari I malformation. The complete discussion of intraoperative MRI utilization is beyond the scope of this article; however, numerous publications have demonstrated the efficacy and important utilization of virtual real-time imaging data in the intraoperative setting, especially with complex endoscopic resections in patients with skull base anomalies or pituitary lesions. 39, 40 Recent pilot studies have also noted that intraoperative MRI may help predict the consistency of certain tumors such as schwannomas, which may affect treatment and outcomes.
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Final Comments
In summary, over the past 20 years, numerous advances in MRI technology have allowed clinicians to better diagnose, delineate, and define treatment for patients who have underlying skull base pathologies. This article has briefly highlighted these developments, including better conspicuity of small skull base structures such as cranial nerves, foramina, skull base leaks, or the endolymph and perilymph of the inner ear. Second, advances have improved conspicuity and characterization of skull base pathology, including tumoral, either primary such as a pituitary microadenoma or secondary including small neural branches of perineural tumoral spread or occipital skull base metastases. MRI can now help distinguish chordoma from chondrosarcoma or abscess from tumor, can help quantify skull base physiology such as CSF flow dynamics, and can provide intraoperative guidance. Awareness of these MRI advances will help guide clinicians to improve treatment and outcomes in patients with underlying skull base pathology.
